Abstract Computational models were used to explore the idea that morphogenesis is regulated, in part, by feedback from mechanical stress according to Beloussov's hyperrestoration (HR) hypothesis. According to this hypothesis, active tissue responses to stress perturbations tend to restore, but overshoot, the original (target) stress. To capture this behavior, the rate of growth or contraction is assumed to depend on the difference between the current and target stresses. Stress overshoot is obtained by letting the target stress change at a rate proportional to the same stress difference. The feasibility of the HR hypothesis is illustrated by models for stretching of epithelia, cylindrical bending of plates, invagination of cylindrical and spherical shells, and early amphibian development. In each case, an initial perturbation leads to an active mechanical response that changes the form of the tissue. The results show that some morphogenetic processes can be entirely self-driven by HR responses once they are initiated (possibly by genetic activity). Other processes, however, may require secondary mechanisms or perturbations to proceed to completion.
Introduction
Embryogenesis involves a carefully coordinated series of morphogenetic events, which are carried out by a relatively limited number of basic cellular processes, including migration, multiplication, and the stretching and folding of epithelia (cell sheets). These events are regulated by a dynamic interaction between genetic and environmental factors (chemical and mechanical), with adjustments being made continually through feedback mechanisms. The nature of this interaction remains a central question of developmental biology.
The developmental biologist L.V. Beloussov has postulated that mechanical stress plays a key role in regulating morphogenesis. Based on more than three decades of observations and experiments on embryos, he has proposed the following Hyper-restoration (HR) hypothesis (Beloussov 1998; Beloussov et al. 1994; Beloussov and Grabovsky 2006) : "Whenever a change is produced in the amount of local stress applied to a cell or local region of tissue, the cells or tissue will respond by actively generating forces directed toward the restoration of the initial stress value, but as a rule overshooting it. Whenever such changes in stress are unevenly distributed or are anisotropic, then the responses induced will be directed toward reducing (with an overshoot) whichever deviations were greatest. 1 " In other words, embryonic tissues respond to load perturbations by actively generating forces that return the current stress σ toward (but overshooting) a target stress σ 0 . The overshoot leads to additional perturbations, which induce a new response, and so on until the proper form is created. This idea suggests that embryos are capable of a certain amount of self-assembly, possibly governed by a set of construction rules or morphogenetic laws.
While some attempts have been made to formulate the HR hypothesis in quantitative terms (Belintsev et al. 1987; Beloussov and Grabovsky 2006; 2007) , most of the supporting evidence is qualitative in nature. For example, Beloussov et al. have used tissue dissection to map regions of tension and compression in embryos (Beloussov et al. 1975 (Beloussov et al. ,1990 (Beloussov et al. ,1994 (Beloussov et al. ,2000 (Beloussov et al. ,2006 Beloussov 1998) . 2 These researchers also have proposed qualitative models that illustrate how a series of HR responses can, in theory, drive a number of basic morphogenetic processes, including gastrulation, neurulation, and convergent extension (Beloussov 1998; Beloussov et al. 1994) . While these models seem plausible, intuition can be misleading in highly nonlinear systems such as the embryo (as will be demonstrated). Hence, there is need to test whether such models are consistent with physical laws.
The purpose of the present study is to explore whether morphogenesis based on the HR hypothesis is consistent with the fundamental principles of mechanics. The HR hypothesis is formulated within a continuum mechanics framework and applied to mathematical models for several representative problems in epithelial morphogenesis, including stretching and bending of sheets, invagination of cylindrical and spherical shells, and formation of the global shape of the early embryo. Limitations of the HR concept and the importance of the stress overshoot are illustrated. Our models show that the HR response is sensitive to inhomogeneities in system parameters, which, we speculate, may be controlled by regional genetic activity. Comparisons between numerical and experimental results show mixed success in the ability of the HR hypothesis to capture actual morphogenetic behavior.
Methods
Physical consequences of the HR hypothesis are illustrated through a series of examples taken from epithelial morphogenesis. To fix ideas, we first describe the analytical method used to model growth and contraction in one dimension. Then, the method used to solve each problem is detailed, along with any needed extensions of the 1-D analysis.
It is important to realize that epithelia use several mechanisms to actively change their dimensions. For example, they can shorten via cell intercalation, 3 programmed cell 2 Interestingly, Beloussov et al. (1975) used this cutting technique several years before it became popular in characterizing residual stress in mature tissues (Chuong and Fung 1986; Fung 1997; Vaishnav and Vossoughi 1983) . 3 During intercalation, cells in one row force their way between cells in adjacent rows, causing the epithelium to shorten in the direction of cell movement and lengthen in the orthogonal direction (Keller et al. 2000) . death (apoptosis), or cytoskeletal (CSK) contraction. In the embryo, CSK contraction is the most common mechanism for shortening. For convenience, we do not distinguish between specific processes and herein refer to any type of active lengthening as "growth" and any type of active shortening as "contraction".
One-dimensional theory for morphomechanics
Volumetric growth is modeled using the theory of Rodriguez et al. (1994) , where further details can be found. Briefly, the total deformation of an infinitesimal material element is decomposed into a non-stress-generating growth relative to the reference configuration and a stress-generating elastic deformation due to loading and to enforcing geometric compatibility between growing elements. For a pseudoelastic bar, the decomposition of the total stretch ratios in Cartesian (x, y, z) coordinates can be written in the form
where the λ gi (i = x, y, z) are growth stretch ratios relative to the reference zero-stress state (e.g., at t = 0), and the λ ei are elastic stretch ratios (due to stress) relative to the current zero-stress state. With x being the axial direction, we do not consider transverse growth of the bar and set λ gy = λ gz = 1. Moreover, contraction is simulated by negative growth. According to the terminology discussed above, therefore, growth and contraction are given by λ gi > 1 and λ gi < 1, respectively. In this theory, stress depends only on the elastic deformation, which, for an incompressible bar, is constrained by the condition J e = λ ex λ ey λ ez = 1. The constitutive relation for Cauchy stress is (Taber 2001)
where W e (λ ei ) is the strain-energy density (SED) function and p is a Lagrange multiplier, which is needed to enforce isovolumic elastic deformation. (Summation is not implied for repeated subscripts.) Material testing has indicated that the stress-strain response of embryonic epithelia is relatively linear for moderately large stretching (Zamir and Taber 2004; Wiebe and Brodland 2005) . In the present study, therefore, we assume neo-Hookean behavior with 
where C is a material constant. Setting σ y = σ z = 0 provides p, and the axial stress in the bar becomes 
